Multispectral images that have spectral resolution as high as their spatial resolution may be called supermultispectral images or simply spectral images. The principle of an interferometric method of supermultispectral imaging has been developed by unifying the principles of incoherent holography and Fourier spectroscopy. The method is expected to inherit the multiplex and throughput advantages from Fourier spectroscopy. We present our first experimental results of the method applied to diffusely illuminated objects and selfradiating thermal objects along with a simplified theory and brief discussion on the signal-to-noise ratios.
Introduction
Optical information is customarily classified into spectral information and pictorial (or spatial) information. The spectral information carries messages about material that interacts with light and the pictorial information contains descriptions of its shape and structure. These two types of information have been collected separately by two distinct instruments: spectrometers and image forming systems. Spectrometers accumulate the optical energy that is sorted by wavenumber and imaging systems put in order the incident optical energy by its direction of wave vector.
An interferometric method with which we can simultaneously collect these two types of information was recently suggested.", 2 In this paper we demonstrate its experiments applied to natural diffusely reflecting and self-radiating objects. The principle is illustrated in the next section from the viewpoint of estimating a spectral density function of a homogeneous optical random field. The present derivation involves simpler concepts and formulations compared with the former. 2 Much effort has been made so far to develop efficient instruments for measuring the spectral and spatial information simultaneously. Readers interested in these instruments for remote sensing are referred to the papers in Ref. 3 . An interferometric method akin to the present idea has already been applied to stellar objects. 4 Such techniques for spectral imaging are significantly useful in industry, medicine, and biology as well as in astrophysics. The rapidly growing computer technologies and optoelectronics may enhance widespread applications. We may refer to this type of generalized imaging technique as supermultispectral imaging or simply spectral imaging.
II. Theory
The common methods for incoherent holography rely on lateral shear interferometry. 5 6 The lateral coherence function of the optical wave field is recorded to store the spatial information of an incoherent light source (object). On the other hand, in Fourier spectroscopy 7 , 8 Michelson interferometers measure the longitudinal coherence function of the incident light field. It is natural to expect that interferometry with 3-D shear will reveal both the spatial and spectral information of the light source illuminating the field. We illustrate in the following that both the spatial information and spectral information of a light source are simultaneously retrieved from knowledge of the 3-D spatial coherence of the optical wave field. In this paper we adopt the framework of spectrum estimation of random optical wave fields other than that of propagation of coherence functions. 2 If a random wave field is composed of uncorrelated plane waves, the field is said to be homogeneous and the spectral density function can be calculated from the spatial correlation function of the wave field. 9 10 A natural optical wave field is usually composed of uncorrelated spherical waves and the spherical waves are sometimes approximated by plane waves, or the spherical wavefronts can readily be converted into planar wavefronts by an appropriate transform lens. In these cases, the 3-D spectral density function of optical wave fields is homogeneous and can be calculated from its 3-D spatial correlation or coherence function. Note that the optical coherence function is measurable. We show that this spectral density function is the desired spectral image of the light source illuminating the field.
Let us assume that we observe an incoherent object, which may be a light source or a scatterer illuminated with spatially incoherent light. It is only required that the spherical wavelets emanating from the object surface be statistically independent of each other. The observation is assumed to be carried out in a sufficiently small region (or an appropriate positive lens is placed between the object and observer) so that the field within the observation area can be approximated by a superposition of plane waves with uncorrelated amplitudes. In this situation, the optical random field within the observation area can be approximated to be homogeneous.
For homogeneous random fields [VA(i')] the correlation function or, equivalently, the spatial coherence function is given byll
where r' and r are 3-D position vectors, sharp brackets denote the statistical or time average, and the asterisk denotes the complex conjugate. Suffix A implies that JA(i) and VA(r') are dependent on the location of the observer. The correlation function of a homogeneous random field is expressible in terms of the spectral density GA(k) (Refs. 9 and 10):
where i = 2ET and K is the region of the wave vector in which the spectral density is nonzero. The spatial coherence function, JA(r), is the 3-D Fourier transform (FT) of the spectral density GA(k).
It is important to note that, although the spatial coherence function is idealized here to be shift invariant (homogeneous field), it is only true within the observation area and the coherence function is actually dependent on the location of the observation area. This implies that, if an observer changes his or her point of view (area of observation), the observed coherence function or the spectral density of the wave field generated by a 3-D light source appears to be different. For simplicity we accept that quasihomogeneous field that is dependent on its location of observation area. This concept of local coherence has an analogy with those of the isoplanatism in the image analysis1 3 and the quasihomogeneity in the coherence theory.14 Let us see the relationship between the object and the spectral density; then we can infer the structure or the geometry of the light source from knowledge of the spectral density function of the wave field. Since the homogeneous random fields are expressible in terms of linear superposition of plane waves with random amplitudes, the wave field within the observation area can be written as
where aA(k) is the random amplitude of a plane wave associated with the wave vector k. From the definition [Eq. (1)], the spatial coherence function is given by
where r+ = r + r 2 , r = r-r 2 . By comparison of Eqs. (2) and (4) we see that the following equation must hold:
From Eq. (5) we see that the spectral density for a particular wave vector is directly related to the mean squares of the random amplitudes of plane waves associated with the particular wave vector. Now it is clear what the spectral density means. Since the light source is spatially incoherent in the present situation, the plane wave emanating from each point in the light source has its identical angle and conversely the angle of the wave vector specifies one point on the object surface. The length of the wave vector specifies the wavelength of radiation. Thus, the density function describes the spatial and spectral distribution of radiated energy or emanating power from the light source.
Rotational Shear Volume Interferometer
A special instrument called the rotational shear volume interferometer15 6 has been proposed for the measurement of 3-D spatial coherence. Although it was already explained elsewhere, we repeat the illustration for completeness by referring to Fig. 1 
. An incident light beam is split by a beam splitter (BS).
The split beams are then reflected by the right angle prisms. Both wavefronts are reversed left-to-right by the prisms and then superimposed again on the BS.
Since the two prisms are rotated around the optical axis, a rotational type lateral shear is created. The longitudinal shear is then introduced by moving one of the prisms along the optical axis. We take a Cartesian coordinate system whose z-axis coincides with the optical axis and whose x-y plane corresponds to the observation plane. Let e, e, and e denote the unit vectors along the respective axes. Now, let the rotation angle of the two prisms be 0/2 and let the longitudinal path difference be signified by 2d. Then, the energy or power generated at the detector element placed at a position (xy,O) is readily calculated to be proportional to 
IV. Resolution Limitations and Field of View' 5
Limitations on the resolution and field of view arise, respectively, from the aperture size and detector spacing. Let us consider a specific interferometer whose entrance aperture is a rectangle of size L 1 X L, and whose shear angle is 0. We assume that the interference pattern is detected by a space-filling array of N X N rectangular detectors of size 11 X 11. The maximum longitudinal path difference is set at 2L 3 and partitioned into N 3 intervals of length 213. Thus, JA(r) is measured over the volume of 2L, sin0 X 2L, sin0 X 2L 3 and the unit cell of the sampling lattice is 21, sinG X 21 sin0 X 213.
The resolution limits are determined by the finite aperture size and the shear angle:
The finite interval of data sampling limits the size of objects that can be reconstructed without aliasing:
Ak, = 7r/1 3 .
Another expression for the limitations on the object size is the field of view. The angular field of view is limited by AOk = X/(21 1 sinO) (11) for small AO.
V. Noise Characteristics 15 The major factors that determine the noise characteristics of the present system are the signal quantization noise and the photon noise. The photon noise is briefly discussed.
Let us assume that a rectangular shape of uniform monochromatic object is analyzed by a rotational shear volume interferometer system with a rectangular aperture and a field of view under the following three situations. We only take account of signal photons and neglect dark counts and assume a quantum efficiency of unity.
Observation with Very Low Magnification (Point Object)
In this case, the object is assumed to be unresolvable and the number of average signal photons per a resolution element, say N 8 , equals the total number of incident photons, say Nt, and all these photons are registered at one resolution element in the spectral image space. Thus, from the previous analysis 2 we have for the SNR (12) 
Observation with Moderate Magnification (Small Object with Dark Background)
Since the object is assumed here to be spatially resolved, it occupies a certain number of resolution elements in the spectral image space. Let exactly one resolution element be occupied by the object when the shear angle is 01 and no more substances are present in the field of view. Then, the number of occupied elements becomes (sin0/sin0l) 2 times as large when the shear angle is 0(0 > 0). Thus N becomes smaller for large 0 and the SNR is given by P2 = p 1 (sinO 1 /sinO) 2 .
(13)
Observation with Very High Magnification (Large Object)
In this case, we might have to place a field stop and limit the maximum field of view to prevent aliasing and the total number of detected photons becomes less than Nt defined previously. Let 02 denote the shear angle when the object exactly covers the maximum field of view. Then the SNR for this situation is given by 
VI. Experimental Demonstration 6
The spatial coherence functions were measured by using a rotational shear volume interferometer equipped with an image detector (a CCD camera or an IR vidicon camera) connected to an imager processor. A picture of the interferometer in front of an IR vidicon camera is shown in Fig. 2 . The shear angle was 1.2°. The camera lens is focused on the apexes of the right angle prisms. In principle, this lens is dispensable. It allows use of imperfect prisms and removes the diffraction effects at the apexes. A series of 64 or 128 interference patterns (64 X 64 pixels) were taken by successively increasing the path difference of the interferometer. The path difference was controlled The object in the first experiment was a live flower illuminated by a tungsten lamp. A picture of this object is shown in Fig. 3 . The flower is composed of five petals whose central part is red (dark area in the picture). A portion of a green leaf is barely illuminated to be detectable. A part of the series of measured interference patterns is displayed in Fig. 4 . These patterns are the cross sections of the real part of 3-L) Fig. 4 . Series of interference patterns detected by an image sensor (CCD camera). Each pattern has a different longitudinal shear. The image sensor is focused on the detection plane that includes the apexes of the prisms. FT of the spectral density associated with the object. The spatial variations of brightness within one of the cross sections are mainly caused by the spatial structure of the object (incoherent hologram), while the variations from section to section at a particular position in the sections are mainly due to the spectral structure of the object (interferogram of Fourier spectroscopy). The reconstructed spectral image is partly shown in Fig. 5 . Displayed images are the cross sections of the spectral image G(k) perpendicular to the k, axis. Since the image is contracted along the k axis due to the anisotropy of sampling intervals, the cross sections show approximately the image of constant wavelength. The corresponding wavelengths are displayed in the pictures in nanometers. The spectral resolution on the k axis is 27 nm at 550 nm. The central bright spot that appears in each section was identified with the scintillation noise: it was caused by intensity fluctuations of the service light illuminating the object. Correction is possible in principle. Figure 6 shows the second object (a postage stamp). It has white rims at all the sides and orange surroundings and two aspects of the earth composed of the five continents finished in green and the seven seas in blue. The reconstructed spectral image is partly shown in Fig. 7 . The central pixel that includes the scintillation noise is replaced by a nearby pixel. The spectral resolution is 14 nm at 550 nm. Referring to the wavelength given to each cross section, one can realize the color distributions described above. Figure 8 shows the spectral at several particular positions in the cross sections (or spectra associated with several wave vectors that have particular directions). The widest spectrum that forms the envelope of the other spectra is the spectrum reconstructed at the white rim. The wavy structure in the envelope seems to be some artifact; the origin is not yet clear.
We applied our method to a thermal object that is self-radiating in the infrared region. The object was a couple of solder iron tips that were supplied with different voltages (110 and 95 V). The CCD camera for detecting the interference signal was replaced by an infrared vidicon with a spectral response out to 1800 nm. A picture of the object is shown in Fig. 9 . The two solder tips are in opposite directions. The spectral image of this object in the infrared region was measured without lighting. Part of the reconstructed spectral image is shown in Fig. 10 . The spectral resolution is 43 nm at 1400 nm. Since the spectral sensitivity of the vidicon tube is not sufficient, we cannot distinguish the spectral differences between the spec-tral image cross sections of the two tips caused by the surface temperature difference. However, it is proved that the present method can be applied to objects that are self-radiating in the image of 1.1-1.8 Azm. The small horizontal smear at the center of each cross section is due to electromagnetic noise mixed into the video signal.
VII. Conclusions
We have presented a simplified theory of spectral imaging and a brief analysis of the signal-to-noise ratios and demonstrated its feasibility of spectral image acquisition with reasonable signal-to-noise ratios. Since the principle of this method is simple, we expect that it will have wide use. The method inherits most of the advantages given to Fourier spectroscopy because it is simply an extension of Fourier spectroscopy to three dimensions. Applications in the infrared regions are recommended because of the Fellgett advantage. A person who uses a high density detector array with a small shear angle will enhance the Jaquinot advantage of this method.
